Fisheries economic analysis is often handicapped by the lack of adequate data to undertake robust econometric analyses. In this study, a translog cost function was required to estimate the potential direction of adjustment in a UK fleet segment if a new regulatory regime was introduced. However, the available data were not appropriate for such estimation. Data Envelopment Analysis (DEA) was used to modify the data subsequently used in the estimation of the long run cost function.
Introduction
Applied economic analysis in fisheries is characterised by limited, and often poor quality, data. This is especially so for fisheries economic data. While price information is often readily available, largely due to the predominance of fish auction markets as a means of distributing the catch, information on the costs of fishing is extremely limited. Collection of this information is costly, as it is usually undertaken through personal interviews. Further, the number of participants in a given fishery 1 is also relatively small, resulting in small sample sizes for particular fleet segments operating in particular areas. Further, the industry is often subject to many other systems of data collection, primarily for scientific purposes and involving activity information (catch, fishing effort, vessel characteristics etc). These data are usually collected through some mandatory requirement, so fishers are reluctant to participate in "voluntary" surveys to provide detailed information on their individual financial situation. As a result, economic panel data series are often short and unbalanced, often consisting of a one period cross section rather than a true panel data set.
Despite this lack of reliable economic data, policy analysis is still required. This requires the creative use of the available information in order to derive robust policy conclusions.
The study that is the focus of this paper is one such example where combining techniques enables the estimation of reliable econometric results that can be used to inform policy advice. The particular issue in this case was the potential size and This essentially requires the estimation of a long run cost function, as the assumption is both capital and its utilisation can be changed. However, the available data for the estimation of the cost function were primarily short run in nature, and deficient in terms of variable input use.
To overcome the data deficiencies, estimates of capacity utilisation and inefficiency were derived using data envelopment analysis, and the cost information "adjusted" to represent fully utilised capital. Given these "adjusted" data, cost functions were estimated and used to determine the optimal scale and potential rents for the UK demersal trawl fleets, and the reduction in fleet size that may be necessary to achieve these rents.
Policy context
Despite over 20 years of structural adjustment through the multiannual guidance programme (MAGP), part of the structural policy of the Common Fisheries Policy (CFP), overcapacity remains a significant issue for European fisheries. DG Fish Of particular concern to the UK industry is the state of the cod stocks. These are still considered to be outside safe scientific limits in the North Sea, English
Channel and Irish Sea, with scientific advice being to close the cod fishery in the North Sea and Irish Sea and reduce fishing mortality by 90 per cent in the English
Channel (ICES 2003) . While such extreme measures have not been implemented, the low cod stock creates particular problems for the UK demersal trawl fleets operating in these areas. Cod is the major target species for these vessels, and the UK takes the largest share of total catch of cod. Restrictions on days fished and reduced quota results in many fishers operating at less than full capacity with resultant economic inefficiency. In 2001, 35 per cent of whitefish vessels were making a financial loss or no profit, and average financial profit (i.e. before depreciation costs were considered) was only 2 per cent of earnings (Rural Development Committee 2003) . The most recent reductions in catch quotas are likely to result in a significant proportion of the fleet being economically unsustainable. Excess capacity is removed through quota trade, with some vessels exiting the fishery and the remaining vessels consolidating the available quota. Incentives are created to reduce the costs of capture, with fleet adjustment favouring the least cost producers and reinvestment occurring in vessels that will operate at minimum average cost.
The UK demersal trawl fleet
The UK demersal trawl fleet undertakes three main activities -otter trawling, danish seining and Nephrops trawl. Otter trawlers and danish seiners both target similar whitefish species, but using different types of trawl gear, while Nephrops trawlers target primarily Nephrops (also known as scampi, langoustine and Dublin 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   7 Nephrops are also caught in the Irish Sea, a high proportion of which is caught by vessels moving down from the west coast of Scotland on a seasonal basis.
Bay prawns
The focus of this study is the whitefish trawlers as these have been most adversely affected by quota cuts. In contrast, Nephrop fisheries have experienced increased stock sizes over recent years, largely as a result of the reduction in predation from whitefish.
Long run and short run measures of capacity
The concept of capacity has been well established in the economics literature.
Johansen (1968) defines capacity as "the maximum amount that can be produced per unit of time with existing plant and equipment, provided that the availability of variable factors of production is not restricted". This primal measure of capacity does not take into account the additional costs of increasing output, and is essentially an "engineering" or "technological-economic" definition (Felthoven and Morrison Paul, 2004) . In contrast, Klein (1960) defined capacity output as the level of output corresponding to the minimum point of a short-run average cost curve, while Berndt and Morrison (1981) , Morrison (1985) and Seguerson and Squires (1990) defined capacity output as the level of output corresponding to the tangency between short-run and long-run average cost curves. These definitions relate to essentially short run measures of capacity, as the assumption is that capital remains fixed. Indeed, in most instances, capacity is considered a short term concept. Cassel (1937) and Hickman (1964) suggested that capacity corresponded to the level of output at which the long-run total cost curve was at its minimum. This requires changes in the level of fixed inputs as well as variable inputs. Such a definition, however, has been found to have limited practical value, as empirical studies of the average cost function have tended to conclude that the long-run curve is either linear (Klein, 1960) or "L-shaped" (Prior, 2003) rather than the usually assumed "U-shaped", and hence defining a minimum is not feasible.
The difficulty in estimating long run cost curves is primarily a function of the available data. Most cost functions are estimated using either cross sectional or panel data. However, in any one time period, the data are short run by nature, with total cost and output being a function not only of the level of capital but also its utilisation. Further, different levels of efficiency exist that distort the relationship between capital and output. As the purpose of this study was to consider the fleet size and configuration that, if fully utilised, could harvest the available catch at the least cost, then it is desirable to remove these effects from the data in order to directly estimate a long run cost function.
To this end, a two stage approaches was adopted. First, the fully utilised level of output (i.e. the capacity output) of each vessel given its level of fixed inputs was estimated using Data Envelopment Analysis (DEA). The information produced using DEA was used to adjust the output as well as the variable costs associated with producing this level of output. Although DEA was initially used to overcome these data deficiencies, it also provided useful information on returns to scale and optimal vessel size. A translog cost function was then estimated using the adjusted data in order to determine the long run cost function and the cost-minimising level of production.
Data Envelopment Analysis
DEA is a linear programming (non-parametric) method for estimating a production possibility frontier, and where individual firms lie in relation to the frontier. The method is data driven, and, in the context of the fishery, the frontier is defined based on the actual output of boats in the fishery, thereby conforming to the assumption of normal fishing behaviour. Felthoven and Morrison Paul (2004) describe these approaches as "technological-economic", as the derived relationships are based on observed data that implicitly reflect underlying economic decisions. If all fishers operating on the frontier maximised profit and faced similar cost functions to those operating at lower levels of utilisation, then this would be a reasonable approximation to an economically efficient measure of capacity. The measures are essentially short run in nature, as the assumption is that output is maximised given the existing set of fixed inputs.
Although the estimation of capacity in fisheries using DEA is relatively new, a number of studies have already emerged (e.g. Pascoe et al., 2001; Dupont et al., 2002; Felthoven, 2002; Vestergaard et al., 2003; Tingley et al., 2003; Kirkley et al., 2003; Reid et al. 2003; Walden et al., 2003; Tingley and Pascoe, 2005 
where 1 is a scalar denoting how much the output of the target boat (i.e. k=0) can be increased, y k,m is the output m produced by boat k, x k,i is the amount of input i used by boat k and z k are the weights that relate the target boat to the set of peers (i.e. the vessels against which it is compared). The restriction Inputs are divided into fixed factors, defined by the sub-set , and variable factors defined by the sub-set ˆ. For the purposes of estimating capacity, only A firm's outputs may not be produced efficiently and hence some of the apparent capacity under-utilisation may actually be due to technical inefficiency (i.e. not producing to the full potential given the level of both fixed and variable inputs). If all inputs (both fixed and variable) are not being used efficiently, then it would be expected that output could increase even without an increase in the level of variable inputs through the more efficient use of these inputs.
By comparing the capacity output to the technically efficient level of output, the effects of inefficiency can be separated from capacity under-utilisation. Further, the ratio of these measures has been found to be less susceptible to bias due to random error than the initial capacity utilisation and efficiency estimates (Holland and Lee, 2002) .
The technically efficient level of output requires an estimate of technical efficiency of each firm, and requires both variable and fixed inputs to be considered. The DEA model for this is given by: 
where 2 is a scalar outcome denoting how much the production of each firm can increase by using inputs (both fixed and variable) in a technically efficient configuration. In this case, both variable and fixed inputs are constrained to their current level and 2 represents the extent to which output can increase through using all inputs efficiently. The technically efficient level of output ( * TE y ) is defined as 2 multiplied by observed output (y). The level of technical efficiency is estimated as:
An estimate of capacity utilisation excluding efficiency effects (CU*) is derived by: , CU CU* 1. The difference between the measures reflects the degree to which random variation and technical inefficiency affect the output levels of the different firms.
Cost function approach
An implicit assumption of a primal approach such as implicit in the DEA model illustrated above is that output can increase to the full utilisation level. Under an ITQ system, economic efficiency is determined by cost minimisation given the quota allocation rather than output maximisation given the set of inputs available to the fisher. While the DEA model can be specified with an input orientation, and hence can provide a measure as to the extent to which input use can be reduced to achieve efficient production, this does not provide information on the capacity of the vessel. With ITQs, vessels can adjust output levels, but have incentives to produce this output at the lowest cost possible. For this reason, the estimation of the cost function can be considered a more appropriate means of assessing capacity under an ITQ system. Relatively few applications of the cost function approach have been made in fisheries (see Lipton and Strand 1992 , Weninger 1998 , Bjørndal and Gordon 2000 , largely due to difficulties in obtaining cost and revenue data for commercial fishing vessels.
The translog cost function for a single output industry 4 can be specified as 5) where C is the total cost, w i is the price of input i and y is the (aggregated) level of output. By differentiating equation 5 with respect to the input prices and using Shephard's lemma, the set of cost-minimising factor cost shares can be derived, given by
where S i is the cost share of the ith input, given by w i x i /C.
The cost function and the associated set of share equations need to be estimated simultaneously. As the input shares sum to 1 (one), one of the share equations needs to be excluded in order to avoid problems of singularity. A number of restrictions also need to be imposed on the system to ensure consistency with The set of coefficients from estimating the system provides additional information about the nature of the production system, including the propensity to respond to input price changes by changing input use or even substitute inputs, and the returns to scale associated with different production levels. The Allen partial elasticities of substitution between the factor inputs ( ij ) are given by
and the partial price elasticity of demand for input factor i ( i ) are given by
A positive elasticity of substitution and cross price elasticity indicates substitution possibilities exist, while negative values indicate a complementary relationship.
The returns to scale of an individual vessel can be given by
The inclusion of both fixed and variable costs in the cost function implicitly assumes that the vessels are operating at their long run optimum level. However, where capital has a relatively long life, such as in the case of fishing vessels, capacity may not be fully utilised. In such a case, the fisher may be operating on (2002) suggest that in such cases it is more appropriate to estimate the short term cost curve (i.e. excluding fixed and capital costs) and include a variable representing the level of capacity utilisation. Further, inefficiency may exist in the industry that could result in bias in the estimated coefficients if ignored (see Kumbhaker 2001) . As adjustment in the fishery as a result of ITQs is likely to result in a more efficient fleet on average, assuming current efficiency levels may not be appropriate.
Given this, three separate cost functions were estimated. The first is the standard cost function presented in equations 5 and 6. Second, the output measure was adjusted using the results of the DEA analysis to reflect the full capacity output.
Costs and cost shares were similarly adjusted to represent the full capacity output.
Finally, output and costs were adjusted to represent the fully efficient, full capacity level of output. This latter model is assumed to be consistent with a long run cost function for a fishery not subject to excess capacity.
Data
Data on costs, revenues and physical characteristics for 67 UK demersal whitefish trawlers relating to the 2001 financial year were available, representing roughly 9 per cent of the total whitefish trawl fleet. These vessels were all above 10m in length.
5
A summary of the key characteristics of the data set is presented in Table   1 . ago. These quota cuts have had a substantial impact on capacity utilisation and have distorted the recorded output mix (i.e. overquota catch is discarded or, in some cases landed illegally, so that the recorded output is not representative of the actual production of the vessels). As the methods for assessing capacity utilisation are data driven and relative, comparing vessels in more recent years where all are substantially underutilised would result in the derived (relative) average utilisation measure being fairly high. Consequently, the average costs would appear substantially greater than they should if the fleet were fully utilised, even given the low stock levels.
The individual cost items were aggregated into four cost categories: crew costs, running costs, capital costs and 'other' costs. Crew costs were the payments to crew. Running costs consisted of fuel costs, ice, box charges and food.
Information on the capital value of the vessel was not provided by most skippers. However, where information on capital values was provided, this was generally based on the insurance value of the vessel. The insurance cost was therefore used as a proxy measure for capital costs. All other costs were included in the 'other' cost category.
Data on input prices were not available, but proxy measures of input prices were derived from the survey data. The crew price was derived from total crew payments divided by the number of crew. This is a potentially misleading measure, as crew are paid a share of the net revenue (i.e. revenue less running costs). As a result, a relatively high crew price may indicate a relatively high labour productivity, but may also be a consequence of 'luck' (i.e. higher than expected catches). Running costs are a function of both the amount of time fished and the size of the vessel. Information on fishing effort (e.g. days fished) was not available for most of the vessels. The input price associated with running costs was assumed to be the running cost of the vessel if it was operating at full capacity divided by the number of vessel capacity unit (VCUs). 6 An assumption was made that running costs were proportional to the level of capacity utilisation.
Hence the running cost if fully utilised was given by the observed running cost divided by the capacity utilisation rate.
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The prices of capital and other inputs were also derived from the costs information and the physical boat characteristics.
Various combinations of measures were tried. The physical measures that resulted in the lowest variance in input prices were length for 'other costs' and the VCUs for capital costs. Input prices for other costs and capital costs were therefore taken as other costs per unit length and insurance cost per VCU. As mentioned in the methodology section, the analysis was also run assuming full capacity utilisation and full efficiency. The level of capacity utilisation and technical efficiency were derived using DEA. The revenue and running costs were scaled up by the appropriate factor for each analysis. Crew are currently paid a share of the revenue (and hence capture some of the rent). As a consequence, the price of labour and crew costs were also assumed to increase in proportion to the revenue increase.
The costs and revenue values were normalised (after appropriate adjustments to account for capacity utilisation and efficiency) such that the mean values of the normalised data were 1.
Empirical results

DEA: Capacity utilisation, efficiency and returns to scale
The DEA model was run with revenue as the output measure and length and engine power as the fixed inputs. Fuel costs, which were assumed to be proportional to days fished, were included as the variable input for the purposes of estimating technical efficiency and the 'unbiased' estimate of capacity utilisation.
Estimates of capacity utilisation were also obtained for the case of both constant returns to scale and variable returns to scale. The ratio of these measures provides a measure of the scale efficiency. Table 2 . On average, the vessels were operating at around 87 per cent capacity and at around 69 per cent efficiency. If the vessels operated at both full capacity and efficiency, average output could potentially increase by 67 per cent (i.e. 1/0.6). In contrast, if the vessels were fully utilised but remained at their current (in)efficiency levels, potential output could increase by around 15 per cent on average.
Scale efficiency was estimated relative to both capacity utilisation and technical efficiency. The seiners and North Sea otter trawlers were, on average, closer to the 'optimal' scale. The optimal scale in this case is defined where constant returns to scale exist. Both these boat groups were larger, on average, than the other two in terms of length and engine power as well as in terms of output.
A measure of returns to scale can be derived from the sum of the weights from the CRS technical efficiency model. Only four boats were found to be operating at the optimal scale, with three boats operating at above the optimal scale (and therefore subject to decreasing returns to scale). The remaining vessels were all found to be operating with increasing returns to scale. Of the four boats operating at the optimal scale, only 2 were both fully efficient and operating at full capacity.
These vessels where 26m and 30m in length with respective engine powers of 750kW and 500kW, and respective revenues of £1.16 and £0.97m (an average revenue of £1.06m). While they were at the top end of the vessels in the fleet (in terms of size), they were not the largest vessels. 
Cost function
The cost function was estimated excluding the capital share equation in order to avoid singularity. As mentioned above, three variants of the model were run using different manipulations of the data. The first run was assuming the industry was in a long run equilibrium. The second run took into account capacity underutilisation and the revenue, crew and running costs were re-estimated. The third run took into account the existence of inefficiency as well as capacity underutilisation. In this run, revenues and crew costs were increased to take into account both of these factors while running costs were increased to take into account the increased utilisation only.
The parameter estimates from the three model runs are presented in Table 3 . In all three models, most parameters were significant at the 1 per cent level. The The estimated partial own and cross price elasticity for the demand for factor i are presented in Table 4 . As would be expected, the own price elasticity was negative for each input and the cross price elasticities were generally positive indicating the potential for substitution. The exception to this was capital and running costs, which were found to have a complementarity relationship. As running costs are a The returns to scale derived at the mean prices and output levels for each model is given in Table 5 . In all three models, increasing returns were found at the mean.
The optimal scale of fishing vessel can be found by solving equation (9) for the case where returns to scale are equal to 1 (one). In the base model, the optimal vessel is 17,020 times greater than the current average sized vessel, suggesting an optimal vessel length or around 254km -approximately half the southern UK coastline. Despite this magnitude, the scale factor is not significantly different to zero. In contrast, if considering fully efficient and fully utilised vessels, the optimal scale is about 2.8 times the current average sized vessel, with the value being statistically significant.
Optimal vessel size and profits
From the DEA analysis, the average of the 'optimum' level of output was £1.04m.
The vessels from which this average was obtained were both fully efficient and operating at full capacity. From the cost function analysis, the optimal vessel size (if fully efficient and fully utilised) was 2.793 times larger than the current average vessel. Given that the current average vessel if full efficient and fully utilised would produce revenue of £0.625m, the optimal vessel size would produce an output of around £1.74m. Although the cost function estimate of optimal yield is 67 per cent greater than the DEA estimate, the lower DEA estimate of optimal output is within the 95 per cent confidence interval of the corresponding cost function estimate. Hence, the two estimates are not statistically significantly different. The DEA estimate of optimal production, by the nature of its calculation, is restricted to be within the range of the available data. Also, the DEA estimate is based on a primal output oriented function with output maximisation the implicit objective. In contrast, the cost function derived estimate of optimal production is not restricted to fall within the range of observed output levels, and the dual function has the objective of minimising costs as well as maximising output in order to maximise profits.
However, extending beyond the range of the data creates problems for obtaining reliable and robust estimates. The translog function underlying the cost function is lest robust the further the variable values deviate from 1.
These difficulties in obtaining reliable estimates not withstanding, estimates of the profits associated with the "optimal" scale vessels are presented in Table 6 . These are not true rents, as the non-cash capital costs (i.e. economic depreciation and opportunity cost of capital) have not been taken into account in the estimation of total costs. However, they provide an indication as to the potential increase in vessel profits that may occur through restructuring.
From Table 6 , if the vessels tend over time to move to the optimal scale identified by the DEA, then the fleet would need to reduce by nearly two thirds in order to enable the vessels to operate at full capacity (assuming also full efficiency). In 
Discussion and conclusions
The estimates of potential profits are based on current stock conditions, which are currently at a low level. If stocks recover, the unit cost of capture will decrease and the potential profit from a fully utilised vessel is likely to increase above that suggested in the above analysis. Further, assuming that the full capacity estimates of output are, in fact, representing the capacity of the vessel, higher stock levels would be able to support a larger number of vessels than the above analysis suggests.
Both the DEA and cost function approach provide useful information on the level of excess capacity in fisheries. The DEA approach is primarily a short run analysis as it assumes that fixed factors remain fixed and output is a function of their utilisation. From the DEA results, average capacity utilisation was 0.87, but average technical efficiency was 0.69. This suggests that inefficiency is a greater problem for the fleet than underutilisation. If all vessels were fully utilised and fully efficiency, then total output would be roughly two thirds greater than the current level. Given that output is currently restricted by quotas, this suggests that excess capacity is excessive in the whitefish fishery. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The cost function approach provides a longer-term perspective in that it allows for all inputs to vary. Further, when output is restricted such as through ITQs, then incentives exist to minimise costs rather than maximise output. Hence, the cost function approach is theoretically more appropriate than the output oriented DEA approach. However, a difficulty arises if fixed inputs are underutilised in the short term. As seen from the econometric results, ignoring capacity under-utilisation in the estimation of the cost function results in unrealistic 'optimal' levels of output.
Combining the results of the DEA capacity utilisation analysis into the cost function analysis overcame this problem.
The cost function approach, however, requires detailed information on factor input prices. This is a particular problem when cross sectional data are used, such as in this study. When a time series of data are available, then industryindependent price indexes can be constructed for factors such as fuel, labour (e.g. average wage) and capital (e.g. interest rate) that vary from year to year. However, within a given time period, all firms face the same set of prices, so an industryindependent set of price indexes are not appropriate. Deriving proxy measures for input prices from the available data may result in measurement error that could affect the regression results. Further, apparent differences in 'prices' may reflect heterogeneity in input quality. For example, in the fleet segments examined, crew costs are based on a share of the revenue less running costs. While average crew earnings can be derived as a proxy for the price of labour, price differentials most likely reflect differences in skill of the crew and skipper. Labour in such a case is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Capturing the full capital cost and appropriate cost of capital in an ITQ fishery is also problematic. While interest rates can be considered an appropriate price of capital, this is common to all vessels within a given time period. The approach adopted in this study was to use the average insurance cost per unit of physical capital. Again, this is subject to measurement errors as it assumes that the insurance costs are proportional to the value of capital invested.
These problems not withstanding, the results from the cost function conformed with a priori expectations with respect to the signs of the derived own and cross price elasticities of demand. Further, the derived scale elasticities were consistent with the returns to scale estimated using DEA, and the 'optimal' scale estimated using both DEA and the cost function were not significantly different.
The results of the study suggest that the whitefish demersal fleet is likely to adjust in both scale and size to consist of fewer, but larger vessels than currently exist.
This consolidation of fishing activity into fewer, larger units has been commonly observed in other fisheries subject to ITQ management, and is often used as an argument by industry to prevent their implementation. In the UK, transferability is limited and involves high transactions costs. While this may slow the rate of adjustment, pressures exist for managers to reduce capacity in line with the reduction in the resource base. As a consequence, fleet sizes will, by necessity, F o r P e e r R e v i e w 27 decrease, and the social problems associated with fleet reduction (e.g. increased unemployment in rural areas), will have to be incurred. Freeing up quota transferability may facilitate this process at lower cost to the taxpayer and result in greater long run economic benefits (in terms of rent generation) than other capacity reduction management measures.
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